The parietal mechanisms for the control of hand movement trajectory were studied by recording cell activity in area 5 of monkeys making direct reaches to visual targets and online corrections of movement trajectory, after change of target location in space. The activity of hand-related cells was fitted with a linear model including hand position, movement direction, and speed. The neural activity modulation mostly led, but also followed, hand movement. When a change of hand trajectory occurred, the pattern of activity associated with the movement to the first target evolved into that typical of the movement to the second one, thus following the corresponding variations of the hand kinematics. The visual signal concerning target location in space did not influence the firing activity associated with the direction of hand movement within the first 150 ms after target presentation. This might be the time necessary for the visuo-motor transformation underlying reaching. We conclude that online control of hand trajectory not only resides in the relationships between neural activity and kinematics, but, under specific circumstances, also on the coexistence of signals about ongoing and future hand movement direction.
Introduction
An important aspect of motor behavior is the ability to make fast corrections of hand movement trajectory after sudden changes in target location. Given enough time for correction, subjects will not reach the first target, but produce a curved trajectory toward the second one (Carlton 1981; Georgopoulos et al. 1981 Georgopoulos et al. , 1983 Soechting and Lacquaniti 1983) . Movement can also be updated without awareness of target's shift, that is, during saccades (Blouin et al. 1995) , when vision of the arm is occluded (Pelisson et al. 1986) , and in deafferented patients lacking proprioception in their limbs (Bard et al. 1999; Sarlegna et al. 2006) . To perform online corrections, the nervous system might use a nonsensory feedback mechanism based on motor outflow (Desmurget and Grafton 2000) , as well as sensory information, such as retinal error (Blouin et al. 1995; Desmurget et al. 1999) .
Several studies support a role of the posterior parietal cortex (PPC) in the online control of movement. PPC neurons display activity related to eye and hand position and movement direction, as well as to the location of visual targets in space (for reviews see Andersen and Buneo 2002; Battaglia-Mayer et al. 2003) . They also combine different directional eye and hand signals in a spatially congruent fashion (Battaglia-Mayer et al. 2000 . Parietal cortex, dorsal premotor and motor cortex (Johnson et al. 1996; Battaglia-Mayer et al. 2001 ) form a recurrent network ) that might be involved in the planning, execution and control of reaching to visual targets.
In humans, perturbation of PPC activity by unilateral transcranial magnetic stimulation (TMS) disrupts the ability to correct hand movements in response to a change in target location (Desmurget et al. 1999; Johnson and Haggard 2005) , and prevents adaptation to a new dynamics when movement is made in a velocity-dependent force field (Della-Maggiore et al. 2004) . Lesions of the PPC in humans often lead to optic ataxia (OA), an impairment of visual control of arm movements (see Battaglia-Mayer and Caminiti 2002; Battaglia-Mayer et al. 2006 , and the references therein) characterized, among other deficits, by a difficulty to produce smooth corrections of hand trajectories following a rapid change of target location (Pisella et al. 2000; Grea et al. 2002) . This result, however, has been obtained in a single patient with a large bilateral occipitoparietal lesion and needs to be replicated.
In the cerebral cortex, so far the neural activity during online movement corrections has been investigated only in one study devoted to single-cell analysis in the primary motor cortex (MI) . In this study it was shown that MI cells carry signals about the updating of hand movement direction to visual targets. Motor cortex is linked to area 5 both directly (Strick and Kim 1978; Johnson et al. 1996) and indirectly, through dorsal premotor cortex (Johnson et al. 1996; Matelli et al. 1998) . Transient inactivation of premotor cortex with TMS results in a reduction of visually dependent online corrections of reaching during sensorimotor adaptation (Lee and van Donkelaar 2006) . Therefore, it is reasonable to assume that the information used by motor cortical cells to update hand movement trajectory originates, at least in part, in the superior parietal lobule (SPL). The objective of the present study concerns the role of the SPL in the online correction of hand movement trajectory, both at the level of single cells and of the neuronal population. To this aim, cell activity was recorded in area 5 while monkeys make reaches to visual targets as well as online corrections of movement trajectory, prompted by a sudden change of target location.
Methods

Animals and Tasks
Two male rhesus monkeys (Macaca mulatta; body weights 5.2 and 6.0 kg) were used in the study, in accordance with the guidelines of the Italian national law (D.L. 116/92). The animals sat in a primate chair with their head and the unused arm fixed. All tasks were performed in total darkness. To avoid dark adaptation, during the intertrial interval (ITI, 1 s) the room light was turned on.
Reaching Tasks
Monkeys performed arm reaches to visual targets in 3-dimensional space under 2 different intermingled conditions. They used the arm contralateral to the hemisphere of recording.
1. Single-step task (SST) . Animals performed hand movements from a central push-button to 1 of 8 peripheral visual targets, arranged at the vertices of an 8.5 cm radius virtual cube (Fig. 1A) . The central button was mounted on a retractable rod, 17.5 cm from the animal's midline and at shoulder level, while the peripheral targets were presented by 2 robot arms. The sequence of the SST ( Fig. 2A) was as follows. First, the central button was turned on green to indicate the beginning of the trial. The animal was required to press and fixate this button for a variable control time (800--1500 ms; CT). During this time, the robot arms moved the target into the position required for the subsequent hand movement. At the end of the CT, one of the robot arm buttons was turned green while the central button was turned off. The monkey was required to quickly reach and then press the peripheral target for a variable time (500--1000 ms; target holding time, THT). The rod supporting the central button was mechanically retracted out of the workspace immediately after the release of the button, so as not to impede the subsequent hand movement. The monkey was allowed to freely move its eyes after the initial central fixation period.
2. Double-step task (DST) . In 50% of the reaching trials, the peripheral target changed position, either during the reaction time (RT) (DST RT , 160 ms after the presentation of the first target, Fig. 2B ) or immediately after the onset of hand movement (DST MT , Fig. 2C ). This double-step condition was accomplished simply by switching off the first target light (on one robot) and by lighting the other one (on the second robot) at appropriate times. Because both robots were already moved to the appropriate positions during the CT, the target appeared to the monkey to ''jump'' ( Fig. 1A ) from its original position either to the opposite vertex of the cube (at 180°), or to one adjacent (at 90°) and immediately to the left (for right targets), and vice versa for left targets. Therefore, there were 4 double-step conditions (2 switching times and 2 switching directions). To ensure a one-to-one ratio between the occurrence of single-step and double-step movements, single-step conditions to each of the 8 target directions were presented 4 times as frequently. During a recording session, the monkey performed 5--7 repetitions in each of the DSTs, and 20--28 for each of the SSTs. Single-and double-step trials were pseudorandomized and presented in an intermingled design.
Saccade Tasks
At the completion of the reaching tasks, the monkey performed 2 tasks similar to those described above, but involving eye movements only. These tasks were used as controls, with the goal of identifying the influence of eye-related signals on neural activity recorded in the reaching tasks.
1. Eye single-step task (ESST). The monkey pressed and fixated a central button for a variable CT (800--1500 ms). Then, 1 of 8 peripheral targets was presented at 45°angular intervals on a circle of 18°visual field radius (Fig. 1B) . The monkey was required to make a saccade to the target, and to fixate it for 500 ms, maintaining the button pressed for the entire duration of the trial.
2. Eye double-step trials (EDST). In 50% of the eye movement trials, the peripheral target was suddenly turned off after its presentation, and replaced by the opposite one at 180°in the circle (Fig. 1B ). This occurred either during RT (160 ms after the presentation of the first peripheral target) or at the onset of eye movement. During the whole trial, the monkey was required to constantly press the central button. Double-step trials were repeated 4--5 times each and single-step conditions 8--10 times.
Behavioral Control
The switching of lights and the movement of the robots were controlled using custom-made software that also recorded the time of the button press and its release. Eye position signals (vertical and horizontal angles) were recorded by using an implanted scleral search coil (1°resolution) sampled at 200 Hz (Remmel Labs, Ashland, MA). Fixation accuracy was controlled through circular windows (5°d iameter) around the targets. Arm position was recorded in 3 dimensions using an opto-electronic system (Optotrak, Northern Digital, Waterloo, Canada) with a sampling frequency of 100 Hz. Six markers were attached to a tight-fitting sleeve, which was placed on the monkey's forearm. Hand trajectories were reconstructed offline (see below).
During the reaching task, an upper limit was placed on the hand RT, to make sure that the monkey moved as fast as possible after the presentation of the peripheral target. This limit was set as the mean RT plus one standard deviation of all the trials recorded during the last 2 weeks of training. Because the RT varied between monkeys and for the different target locations, the time limit was set accordingly and ranged from 285 to 335 ms. Hand movement time (MT) was also limited to 350 and 600 ms for single-step and double-step trials, respectively. For the latter, we permitted a longer MT to let the monkeys free to choose Figure 1 . Apparatus and tasks. (A) Monkeys performed the reaching tasks (SST, dark arrow and DST, gray arrow) by making hand movements from a central position to peripheral targets arranged at the vertices of an imaginary cube. At the center, a lit button located at the top of a retractable rod was used as the hand starting position. Lit targets were placed behind transparent push-buttons moved by 2 robot arms. In the DST trials the second target could appear either at 180°(opposite) or at 90°(adjacent) with respect to the first target. The peripheral targets of the 3 represented movements are shown in black. (B) The same apparatus was used for the SST and DST conditions in the saccade tasks. In this example the final target ''jumps'' from position 7 to the opposite one, and the monkey first fixates the central light, then directs its gaze to target 7 and finally to target 3. their own strategy of movement correction. For the eye task, RT and MT together had to be less than 400 ms. Trials were aborted if these limits were exceeded, then repeated later. Successful trials were rewarded with apple juice.
Neural Recording
The activity of single neurons was recorded with extracellular electrodes, using a 7-channel array (Thomas Recording GmbH, Giessen, Germany). Signals from the electrodes were preamplified, filtered, amplified, and then sent to 7 dual time--amplitude window discriminators (Bak Electronics, Inc., Mt. Airy, MD). This gave the possibility of recording up to 14 cells simultaneously, although generally 5--10 neurons were recorded at the same time. Electrodes were glass-coated tungsten--platinum fibers (1--2 MX impedance at 1 kHz). The eye-coil, recording chamber and head-holder were implanted aseptically under general anesthesia.
Data Analysis
The hand kinematics data were used to calculate the time length of the different behavioral epochs (RT, MT, and, importantly, the time of shift of hand trajectories in the DST tasks). Two types of analyses were performed on the neural data. The first type involved the modeling of the neural activity, to examine its relationship with the animal's behavior in both SST and DST conditions. The second type aimed at determining when in time different visuo-motor signals related to the tasks under study emerged in neural activity. In particular, those signals related to the preparation of a hand movement and those related to the updating of the hand trajectory after a sudden target ''jump'' occurred in different conditions.
Reconstruction of Hand Trajectories
Hand trajectories were reconstructed independently for each recording day, to take into account small variations in the placement of the sleeve on the arm. The relationship between hand position and the markers placed on the monkey's forearm was calculated using a known reference point, that is, when the hand rests on a fixed peripheral target at the end of movement. This operation was then applied to all other data points.
The location and orientation of a rigid body in space is determined by 3 sets of coordinates. In our set-up, we had 6 markers. To increase the accuracy in the calculation of the position of the forearm (and therefore of the hand), we adopted an algorithm based on singular value decomposition, which makes use of the redundant information, in the least-squares sense (Soderkvist and Wedin 1993) . The resulting hand trajectories were then smoothed using a 5-point triangular filter.
Behavioral Epochs
The beginning and end of hand movements were taken as the time when the monkey released the central button and pressed the peripheral one, respectively. Additionally, we determined the time of the change in the direction of hand movement during double-step conditions. This was done by first calculating the mean and confidence interval of the hand trajectory in the x, y, z coordinates, over all singlestep movements to each of the 8 targets. The 95% confidence interval was obtained using bootstrap statistics. Because the monkeys were well trained, they produced very stereotyped movement trajectories. Therefore, with 20 or more trials available in each of the single-step conditions, the confidence intervals were small. The hand shifting time was then calculated by comparing each double-step trajectory with the mean single-step movement to the same target. The time of hand shifting was defined as the first of a series of 3 points exiting its confidence interval in any of the x, y, or z coordinates.
For the eye, the angular velocity was first derived from the position signals. The onset and offset of the saccade was taken as the first of a sequence of 3 points exceeding or falling below a threshold of 50°/s, respectively. There was no need to calculate a shift time for the doublestep conditions, as the eye always completed the saccade to the first target before moving to the second one.
With these values, we could define various epochs describing the animal's behavior (Fig. 2 ). In the Reaching task, the CT ended with the presentation of the first peripheral target. In single-step conditions ( Fig. 2A) , the RT was defined as the time elapsing from the presentation of the target to the onset of hand movement. Only one period of hand movement (MT) was obviously detectable in this task condition. In the double-step conditions (Fig. 2B,C) , the RT to the second target (RT 2 ) was calculated from the presentation of the second stimulus to the change in direction of the hand, as determined by the time of hand trajectory shifting ( Fig. 2B,C) . In such cases, the hand MT could be divided in 2 distinct epochs (MT 1 and MT 2 ), separated by the time of shift of hand trajectory. MT 1 is the time during which the hand traveled toward the first target, whereas MT 2 is the MT toward the second one. In all cases, the trial finished at the end of THT.
For the single-step conditions of the Saccade task, the division into behavioral epochs was the same as in the Reaching task (CT, RT, MT, THT). However, because there were 2 distinct movements, in the double-step conditions we defined 2 periods for RT and MT (RT 1 and MT 1 followed by RT 2 and MT 2 ).
Because saccades were very brief, we also defined the reactionmovement time (RMT) epoch, a combination of RT and MT, to allow one to compare cell activity in the Reaching and Saccade tasks. In the case of double-step conditions the modulation indices (see below) were computed separately for the 2 different target presentation times and for the 2 submovements (RMT 1 = RT 1 + MT 1 and RMT 2 = RT 2 + MT 2 , see Fig. 2 ).
Mean Spike Frequency
The mean spike frequency was computed for each epoch and trial. For each task, the modulation of neural activity was assessed using a 2-way ANOVA (factor 1: epoch, factor 2: target position). A cell was defined as being modulated in a given epoch if factor 1 or the interaction term was significant (P < 0.05).
Cell Classification
To classify cells as hand or eye related, we compared the modulation of their activity across tasks (reaching and saccade tasks) and movement conditions (single-and double-step). The overall goal was to exclude cells that were equally modulated in the Reaching tasks, consisting of both hand and eye movements, and in the Saccade tasks, consisting of eye movements only. Indeed, it can be assumed that for such cells the activity observed in the Reaching task can also be influenced by eye movements. The classification was based on the use of modulation indices obtained across different tasks and epochs, as well as on bootstrapping procedures. Full details for the methods used are provided in the Supplementary materials.
Modeling of Neural Data
We modeled the neural data using 2 different procedures. The first was a linear regression of each cell's activity, with a time delay, against the position, speed and direction of hand movement. The aim was to explain each cell's activity in the SST and DST tasks using the hand kinematics, and to determine the delay between neural activity and hand movement. The second analysis aimed at modeling each cell's activity in DST using the activity recorded during SST. Although this second analysis also attempted to explain neural activity from behavior, it made no assumption on the exact relationship between activity and hand kinematics.
Linear regression of cell activity. We performed a linear regression of each cell's activity recorded during MT of the reaching task with the corresponding hand kinematics. For the cell activity we computed a spike-density function (SDF). Each spike was replaced by a Gaussian probability function with total area of 1 ms and width (standard deviation) of 30 ms. The SDF was sampled at 100 Hz (the same frequency as for the kinematics) to obtain a continuous function with one value every 10 ms. We processed these data further by subtracting the mean firing frequency during CT (measured over all trials and conditions), and then applying a square-root transform, to make the variance of the SDF independent of its mean (Moran and Schwartz 1999) . Both the SDF and the kinematics data were averaged over all trials, independently for each of the SST and DST conditions. The following linear regression model was used:
where SDF represents the SDF, X(t) is the hand position vector, V(t) is the speed (magnitude of velocity vector), D(t) is the instantaneous hand direction vector, Dt is the time lag. The regression was applied to values of kinematics and SDF obtained for each 10-ms bin (for a total of 3400 points, see below). The direction of hand movement was defined as 0 when the monkey's hand was not moving, that is, during central or peripheral THT. The last term represents the interaction between direction and speed of hand movement and was added to account for its known relationship with neural activity (Moran and Schwartz 1999) . A total of 11 coefficients were used in the regression, including the constant term.
For a time lag Dt = 0, the time interval for the kinematics and the SDF data included the MT epoch, together with a fixed 300 ms before its onset, and 300 ms after its offset. The mean data of the 8 SST and 32 DST conditions were placed tip to tail, to generate 2 long signals, one for the kinematics and another for the SDF (for each cell the total length of data was~3400 points =~85 point/condition 3 40 conditions). The regression coefficients and statistics were then computed.
For time lags Dt 6 ¼ 0, the time interval of the kinematics data remained the same as for Dt = 0 (MT ± 300 ms). The time interval for the SDF data, however, was shifted by an amount equal to Dt with respect to that of the kinematics. This was done within each of the movement conditions, before assembling the data tip to tail, thus avoiding the overlapping of data from different movement conditions in the assembled signals. For each time shift the linear regression coefficients and statistics were calculated, and the shift yielding the highest regression coefficient was selected as the overall delay for that cell, with negative values indicating that the cell's activity led the hand movement. The time window for the regression analysis (MT ± 300 ms)
was deliberately chosen to include the complete RT period as well as a large portion of THT. As a consequence, cells that failed to show an observable peak in R 2 value within this window were discounted (e.g., if the maximum occurred at the edge of the time window, at exactly +300 or -300 ms). Only 6 cells were excluded by this process. Regression analysis using variants of the model in equation (1) were also attempted (see Supplementary Materials), but produced worse results in terms of regression coefficients. Importantly, the cell delays obtained using the different models were very similar, with the mean delay not varying by more than ±10 ms. These variants included only some of the parameters of equation (1) (e.g., only direction and speed). An attempt was also made to replace hand position with a hand error signal, defined as the difference between the current position of the reach target and that of the hand, but in that case as well the resulting regression values were lower than in the original model (see Supplementary Materials) .
Prediction of neural activity patterns in the DST. An observation made by Georgopoulos et al (1983) was that cells in the primary motor cortex, in a DST similar to the one presented here, change their activity pattern following a change in target location and the subsequent hand movement. Thus, the cell activity after the shift in hand movement is qualitatively similar to the one observed when the hand makes a single movement from the center to the second target. This observation was used in our study as a basis to perform another regression analysis, in addition to the multiple-linear regression procedure described above. In this analysis, the objective was to predict the neural activity in DST from that observed during the SST conditions.
We first matched the double-peak hand speed profile in DST with the 2 single-peak speed profiles in the corresponding SST conditions. For example, in a DST trial where the monkey had to reach to target 1, then 8, we would use the SST trials to 1 and 8. Taking only the MT kinematics, we placed the 2 SST trials tip to tail and varied the delay between them. The delay yielding the maximum correlation between the 2 combined SST velocity profiles and the DST velocity profile was calculated. We then applied the reverse procedure to the SDFs: the SST SDFs were placed tip to tail with a delay calculated from the hand velocity profiles. The correlation between the resulting curve and the actual SDF in DST was then calculated. This analysis was performed separately for each target in the reaching task.
To further confirm the results obtained, we compared each DST condition with a randomly selected pair of SST movements. For example, a DST movement to targets 2 and then 7 could be matched with SST movements to targets 1 and 8, etc. We then compared the regression coefficients obtained by matching DST spike activity with either the correct or the random SST movements (paired t-test).
Finally, to evaluate the degree of similarity of cell activity associated with the 2 submovements in the DST with that associated with the similar movement performed in the SST, a 2-way ANOVA was performed. In this analysis, direction of hand movement and task Cerebral Cortex December 2009, V 19 N 12 2851 at University of Victoria, McPherson Library Serials on February 29, 2016 http://cercor.oxfordjournals.org/ Downloaded from condition (DST, SST) were considered as factors. Cells were judged as displaying no difference of neural activity in the 2 task conditions compared if the task-term was not significant (P < 0.05).
Change in Cell Activity during DST Conditions
We performed 2 analyses to determine the time of the change in cell activity following the shift in target during DST conditions. The first was based on the temporal evolution of the correlation between the activity measured in DST and SST. The second measured the time of statistical divergence between DST and SST at the population level.
Comparison of cell activity in SST and DST conditions. The similarity of neural activity across different tasks conditions was investigated through a correlation analysis. The aim was to evaluate if and when a potential neural signal associated with the sudden change of hand movement trajectory emerged in the double-step condition. For each task and movement direction, the mean discharge frequency was computed across different repetitions in a particular time bin (50 ms), and then subtracted from the mean discharge frequency obtained across tasks and replications during the CT. The resulting activity, associated with a particular time bin in a particular task condition, was compared with the one obtained in the same time bin, but during a different task. In such a way, for each comparison and time bin, we obtained a scatter plot, where the x, y components of each data point represent the activity in 2 different conditions (e.g., SST vs. DST RT , see Fig. 13A 1--2 ) for that time bin. The total number of points included in each scatter plot was therefore equal to N 3 8, where N is the total number of cells included in the analysis, and 8 is the number of directions tested in the experiment. We then obtained 2 scatter plots for each time bin, corresponding to the following data set comparisons:
SST versus DST RT SST versus DST MT
For each scatter plot, a correlation coefficient (R) was derived, and adopted as a measure of the degree of similarity of neural activity across tasks. In a second step, the evolution in time of the correlation coefficients observed in each time bin was analyzed for 800 ms centered on hand movement onset (Fig. 13B ). The RT epoch was analyzed ''backward'' from the onset of MT for the preceding 400 ms as well as ''forward'' from the presentation of the first target for the following 400 ms. The analysis of RT was performed forward and backward in time to minimize the consequences of temporal misalignment between neural activity and behavior at the end of the temporal scanning, due to the variability in the duration of the epochs across trials. The statistical difference between the correlation coefficients resulting from the comparison of the 2 task conditions, was tested, through a Pearson-Filon statistics with P < 0.01 (Raghunathan et al. 1996) .
Divergence of cell activity between SST and DST conditions. We were interested in measuring at the cell population level the time of change of neural activity following the appearance of the second target in DST. To this end, we measured the divergence in the population SDF (pop-SDF) between the SST and DST conditions. The pop-SDF was calculated by replacing each spike with a unit Gaussian with standard deviation of 10 ms, sampled at 100 Hz. The signals were then averaged over all trials for all cells of each monkey. To account for the variations in the activity of individual neurons with respect to the direction of hand movement we realigned each cell's data to its preferred target direction before computing the pop-SDF. The preferred target direction was defined as the one eliciting the maximal mean firing frequency during RT and MT, for the SST conditions; this was computed separately for the reaching and saccade tasks, whereas the antipreferred target was the one diagonally opposite, that commonly elicited the minimal mean firing frequency under the same task conditions.
To determine the time of divergence in the population activity between the SST and DST conditions, we first calculated the 95% confidence interval of the pop-SDF for the SST trials. The first point of a series of 3 in the SDF for the DST trials that exited this zone of confidence was defined as the time of divergence. This was calculated separately for each target in the reaching task.
Results
Behavioral Data
Reaction Times
The length of the RT was studied in the SST and DST conditions for both the hand and the eye. In both the reaching and saccade tasks, the 2 monkeys behaved very similarly, although the hand RT of the first animal was shorter than that of the second one across all target directions. In the SST, average hand RT to the presentation of the visual target was 305 ms (±26, SD) in Monkey 1, and 348 ms (±31, SD) in Monkey 2. In the DST, the RTs to the first target (RT 1 ) did not differ significantly from those in SST for the same target. This was expected, because the intermingling of conditions prevented the animal from knowing in advance whether it would have to perform a singleor a double-step hand movement. On the contrary, the RTs to the second target (RT 2 ) were 254 ms (±36, SD) for Monkey 1 and 278 ms (±38, SD) for Monkey 2, when averaged across DST conditions, therefore, significantly shorter by about 50--70 ms than those observed toward the first target (RT 1 ) of the DST or in the SST (P < 0.001; t-test). In the DST, the second target, presented either at 90°or at 180°relative to the first (see Methods), appeared either during RT, or at the onset of hand MT. We have noticed that the length of RT 2 was related to the time of appearance of the second target. In fact, it was significantly shorter (241 in Monkey 1; 272 in Monkey 2) when the time between the presentation of the 2 targets (interstimulus interval, ISI) was longer, that is, when the second target was presented at the onset of hand movement (P < 0.01; t-test). When the second target appeared before the MT onset, the RT 2 were 267 ms (±36, SD) for Monkey 1 and 283 ms (±38, SD) for Monkey 2. All these values, however, did not depend on the new location in space of the final target.
In the reaching task the eye RTs toward the first target were significantly (P < 0.001) shorter (mean: 208 ± 24 ms in both monkeys) than those of the hand and did not vary across task conditions. The eye RTs to the second target averaged across DST conditions were 217 ms (±19, SD) for Monkey 1 and 199 ms (±20, SD) for Monkey 2.
Movement Times
In the DST conditions, the duration of the movement toward the first target (MT 1 ) depended on the ISI, and was shorter when the second target was presented during RT 1 (Monkey 1, 129 ms; Monkey 2, 115 ms) than at the onset of movement (Monkey 1, 257 ms; Monkey 2, 272 ms). This was true, regardless of whether the second target was presented at 90°o r at 180°relative to the first one. Obviously, there was a natural increase in the global duration of MT when the second target was displayed at far (180°) rather than at near (90°) distances. The SD of the entire duration of MTs (MT 1 + MT 2 ) was for both monkeys equal to 53 ms.
Trajectories and Speed Profiles
The hand trajectories were very stereotyped and similar in the 2 animals. In the SST, the hand traveled directly to the target describing a slightly curved trajectory in all movement directions. In the DST, the hand always moved toward the first target and then to the second. The length of the hand path to the first target was a function of the ISI, because it was shorter when the second target was presented during RT 1 and longer when this occurred at onset of hand movement (Fig. 3) . On the contrary, in all instances of the DST the eyes completed the saccade to the first target before making another one to the second target (Fig. 3) .
In the SST, the hand described a typical bell-shaped velocity profile characterized by a single peak (Fig. 4A ). In the DST (Fig.  4A ) the velocity profile displayed 2 peaks. The first one, relative to the movement to the first target, was followed by a deceleration phase necessary to change the direction of hand movement toward the second target, then by an acceleration period at the end of which the hand attained its second speed peak. The shape of the velocity profile for the movement to the first target was similar to the corresponding part of the curve observed in SST (Fig. 4B ). The general shape of the hand velocity profile also depended on the time of occurrence of the target change. When the second target was presented at the onset of MT, the deceleration following the first velocity peak was longer than the corresponding one observed when the target jumped earlier (i.e., during RT).
Neural Data
The activity of 240 neurons was recorded extracellularly in the SPL of 2 left hemispheres of 2 monkeys while these performed the tasks described above. In both animals, microelectrode penetrations (Fig. 5) were made in a region of the SPL identified as Brodmann area 5 (area PE) on the basis of the histological reconstructions of the microelectrode penetrations relative to gross anatomical landmarks, such as the position of the intraparietal (IPS) and central sulci, the postcentral dimple, as well as on the basis of the depth of recording. In both animals, electrode penetrations were perpendicular to the cortical surface and the extent of recording was usually confined within 2 mm from the top of neural activity. This indicates that the results of this study refer to the flat exposed part of area 5. Table 1 displays the proportion of cells that were modulated (ANOVA, P < 0.05) during the different epochs of the reaching and saccade tasks on single-step trials. The table also shows the breakdown of this population by monkey. The proportion of hand-related and eye-related cells, selected on the basis of their modulation indices (see Methods) is shown in Table 2 . Only the hand-related cells (n = 167/240; 70%) were used for further analysis.
Single-Cell Data
Multiple Regression of Cell Activity
A multiple-linear regression was performed with the aim of studying the relationship between cell activity in area 5 and kinematics parameters, such as hand movement direction, position and speed (eq. 1). All cells displayed a significant relationship between kinematics and activity (P < 10 -3 ). It is worth noting that because of the large number of data points in this regression analysis (n~3500), an R 2 = 0.01 was statistically significant at the 1% level. The results of this analysis are given in Figure 6 . It can be seen that cell activity was significantly correlated with hand kinematics. A continuum of values, from weak to stronger ones, characterizes the goodness of the model adopted (Fig. 6A) . The distribution of the temporal lags yielding the highest regression coefficient of the multiple regression for the population of hand-related cells, averaged across all reaching conditions, is given in Figure 6B . It can be seen that the activity of most cells showed a negative delay, indicating that it led hand movement onset, whereas a minority of them had positive delays (median: -20 ms; mode: -75 ms), indicating that neural activity of these cells followed hand movement onset.
The activity of a parietal cell studied in the SST is shown in Figure 7 . This cell discharged with natural movements of the contralateral arm toward targets presented at different locations. This cell's activity was modulated in an orderly fashion as a function of the velocity and direction of hand movement. The activity of the same cell in the DST is shown in Figure 8 , for all 8 combinations in which the target jumped by 180°at the onset of hand movement toward the first target. In all instances, the pattern of cell activity when the hand moved to the first target changed after presentation of the second one. As in the SST conditions, the cell activity was visibly modulated by hand speed across all the DST conditions tested. For this cell the multiple regression yielded an R 2 of 0.49, and a temporal lag of -80 ms, indicating that the changes in activity led those in motor behavior. Figures 9 and 10 show another parietal cell, whose activity was modulated by hand speed. However, in this case the modulation of neural activity followed the hand kinematics by 90 ms (R 2 = 0.51). We also examined the fit of the model parameters, obtained using all reaching trials, when applied separately to the SST and DST conditions. The same Figure 3 . Examples of hand and eye movement trajectories in different tasks (single trials). In SST, hand movement trajectories are shown from their common origin to the 8 different targets located at the vertices of an imaginary cube. In DST, reversal of hand path originally directed to target 8 and then to target 1 is shown after presentation of the second target during RT (black) or at the onset of MT (gray). The eye movement record of the double-step trial of the saccade task refers to the case when target change (from 1 to 5) occurred during the RT. The monkeys always saccade toward the first target and then move their eyes to the second one. Predictability of Cell Activity in DST from SST A behavioral observation which was consistent across monkeys was that the correlation between the DST hand speed profiles and the corresponding SST profiles placed tip to tail (see Methods) was on average high (r = 0.74, Pearson). Therefore, an analysis was performed to test whether cell activity during the DST could be predicted from the activity observed in the SST. Figure 11 shows an example of the cell activity predicted in DST, by splicing together the 2 corresponding SDFs in SST, with a delay calculated from matching the speed profiles. For the cell shown, the mean correlation between the predicted and actual SDFs was r = 0.77, averaged over all DST conditions. Thus, when the second target appeared in the DST task, the activity of this cell was somehow substituted by that observed when the monkey reached directly to that same target from the initial position, as in the SST task. The distribution of the correlation values between the predicted and actual neural activity profiles, calculated for all cells of both monkeys, is displayed on Figure 11B .
To validate these results, we repeated the substitution analysis by comparing each DST condition with a randomly selected pair of SST movements. For example, a DST movement to targets 2 then 7 could be matched with SST movements to targets 1 and 8. The regression coefficients obtained when substituting DST with a random choice of pairs of SST movements are presented in Figure 11C . These coefficients were significantly lower than those obtained when using the correct SST movements (paired t-test, P < 10 -6 ).
As a further test, the degree of similarity of cell activity associated with the submovement in the DST with that associated with the same movement in the SST was evaluated by a 2-way ANOVA. Cells displaying no significant (P > 0.05) difference of neural activity across these conditions were 92/ 167 (55.0%).
Results from this analysis, as well as from the multiple-linear regression, show that the neural modulation could be largely explained by the variations of hand kinematics. Figure 12 reports a direct comparison of the temporal evolution of the neural activity for the parietal cell shown in Figure 7 ; data refer to 2 task conditions (SST, gray; DST, black) for 3 different movements. From these examples it is evident the good correspondence of the neural activity around MT onset in the 2 tasks. It is also clear that the time of divergence of the DST activity from the one recorded during the SST (dashed line) occurs before the time of the hand shift, indicated in this figure by the time the 2 velocity profiles start to differ (solid vertical line). Therefore, we addressed the question about the time when a signal related to the updating of hand movement trajectory emerges from neural activity, taking into account the entire population of cells. To this end, we compared by means of a correlation analysis the neural activity of each cell in the SST and DST, for movements oriented initially to the same target. This was aimed at evaluating the similarity of the firings of the cell in the 2 task conditions, for different time bins (50 ms width). For each cell and for each of the 8 possible directions we compared the activities of SST movements toward a given target (e.g., target 8 in Fig. 1A) , to the activity recorded in DST, when the first target was in the same location and the second in the opposite one Note: The percentage of cells refer to those with significant factor 1 (epoch) and interaction factor (epoch 3 target). In both tasks, only single-step trials were used for this analysis. Fig. 1A) . In this way we studied the time course of the overall correlation of cell firings in different task conditions (SST vs. DST RT , SST vs. DST MT ). The results (Fig. 13 ) from both monkeys were very similar, and therefore were pooled together. The correlation coefficients were computed from 400 ms before to 400 ms after the onset of MT (Fig. 13B,C) , used as alignment time.
Comparison of Cell Activity in SST and DST Conditions
The top row of Figure 13 illustrates 4 examples of cell activity correlation plots obtained at different points in time and for different task comparisons. When comparing SST versus DST RT the cell firing frequencies where initially poorly correlated (Fig. 13A 1 ) , but the correlation was high near the onset of hand MT (Fig. 13A 2 ) . The temporal evolution in correlation between cell firing frequencies indicates that the correlation remained low for approximately 150 ms following the presentation of the first target. Then, it significantly increased (P < 0.01, Pearson--Filon statistics), attaining a value of R~0.8 during the 100 ms prior to MT onset (Fig. 13B, left  panel) . The correlation of firing frequencies declined significantly (P < 0.01, Pearson--Filon statistics) 50 ms after the MT onset, that is at approximately 100 ms before the time of shift in hand trajectory for the DST RT (thick vertical line).
The comparison between SST and DST MT yielded similar results (Fig. 13A 3--4 and 13B, right panel) . Before MT, the correlation coefficient evolved in the same fashion as for the SST versus DST RT comparison. However, it remained at a high level (R~0.8) for the 150 ms following the MT onset, that is, until approximately 100 ms before the hand shift time of DST MT .
In both comparisons the correlation was low in the first part of RT, despite the similarity of the tasks compared at this stage (Fig. 13C ). Furthermore, it is worthwhile to note the behavioral state of the different task conditions, at the time the peaks in correlation between cell firing frequencies (Fig. 13C) occurred. In SST versus DST RT , the correlation peaked during the last 100 ms of RT. At that time, the target had already been switched for the DST RT , and the animals were ready to move (orienting their hand toward the first target). The correlation in cell firing frequency started to decrease immediately after MT onset, approximately 150 ms after the presentation of the second target. A similar phenomenon could be observed in the . The 3 panels refer to different movement directions, that is, SST directed to target 1 compared with DST MT directed first to target 1 and then to target 8 (left), SST toward target 2 compared with DST MT directed first to target 2 and then target 7 (center), SST toward target 5 compared with DST MT directed first to target 5 and then target 4 (right). For the locations of the different targets see Fig. 1 . The activity is aligned to the MT onset (0 ms), that in this case (DST MT ) coincides with the appearance of the second target. The gray and the black triangles refer to the time of the presentation of the visual targets. The vertical lines refers to the time of shift in hand trajectory (solid line) and to the instant the neural activity relative to DST diverges from that recorded during SST (dashed line).
SST versus DST MT comparison ( Fig. 13B,C, right panels) . Before the beginning of MT the correlation in firing frequencies attained its highest values after 150 ms from the first target onset. As in the previous case, this final part of RT preceded a hand movement that was initially directed toward the first target. Then, after MT onset, the correlation was maintained at 0.8 and significantly decreased at 0.57 after 150 ms, that is, 150 ms following the presentation of the second target.
Overall, these observations suggest that the neural activity was scarcely influenced within the first 150 ms after target presentation, regardless of whether this target was the first or the second one, and regardless of whether the second target was presented during the RT or at the beginning of MT. A signal concerning the specification of future hand movement trajectory only emerged shortly after this time.
Divergence of Cell Activity between SST and DST Conditions
In Figure 14 , the pop-SDFs were computed for different task conditions by using only hand-related cells from Monkey 1. The results obtained from Monkey 2 were virtually identical. In each panel, neural activity during the DST (thick gray line) is compared with that observed during the SST (thick black line). To this purpose, for single-step trials we have used the activity at the preferred direction, whereas for the double-step trials we have considered the activity observed when the first target was located in the cell's preferred direction and the second one in the opposite direction. In other words, for the DST we have considered the neural activity associated with hand movements that changed from the preferred to the antipreferred direction. These comparisons were performed when target jump occurred either during RT (Fig. 14A) or at the onset of MT (Fig. 14B) .
In both instances the population activity sharply increased at about 120 ms from the first target presentation. This increase was initially similar in the SST and DST, and then in the latter the cell activity significantly diverged from that of the SST at a time that depended on the timing of the target jump in DST tasks. In the DST RT task, the divergence occurred at about 140 ms following the second target presentation, almost in coincidence with the MT onset (Fig. 14A) . A different value was obtained during the DST MT (Fig. 14B ). In this case the time of divergence of the 2 pop-SDFs occurred 216 ms after the second target was lit, that is, 216 ms after the hand started to move.
The divergence of the pop-SDFs always preceded the time of shift in hand trajectory (Fig. 14) . When the target jumped Figure 14 . Population activity across task conditions. Population SDF (pop-SDF) are compared across the Reaching (thick curves) and Saccade (thin curves) tasks, in SST (black) and DST (gray), when the target jumped during RT (DST RT ; A) and when the sudden change occurred at the MT onset (DST MT ; B). Pop-SDF were obtained by combining singlecell activity of hand (or eye) movements made toward the preferred direction of each cell, then to the opposite one. The time scale is aligned to the onset of hand movement (0 ms). The vertical dashed lines indicate the moment of change of hand trajectory, the vertical solid line is the moment at which neural activity in DST significantly diverges from that of SST. The arrows below illustrate the temporal sequence of behavioral events. T 1 and T 2 indicate the mean time of presentation of the first and second target; S 1 and S 2 the mean onset of the saccade to the first and to the second target; MT indicates the mean duration of hand movement.
during the RT, the change in neural activity led the shift in hand trajectory by about 100 ms, whereas this difference tended to be shorter when the target jumped at the onset of MT.
In all instances, the population activities of these handrelated cells were very weak when studied during the Saccade task conditions (thin lines), as expected from the cell selection procedure adopted in this study (see Methods). This analysis confirms what has been described in the previous paragraph. In fact when the target jumped during the RT, during the first part of MT the activity of the DST is significantly different from that of the SST, contrary to the case of the DST with target switch at the onset of MT, when the population activities are very similar.
Discussion
Behavioral Performance
In this study the animals' hand movements unfolded in 3D space and were in all respects similar to natural movements. Movement trajectories were the results of training during which the animals freely selected their hand paths to the target. This fast hand movement was interrupted when the target suddenly jumped from its original position to a new one, either during RT or at the onset of MT. The in-flight correction necessary to bring the hand to the new target's position resulted in a curved trajectory. The intermingled design of the task did not allow the animals to predict whether they had to perform a single or a double-step movement. Under these conditions, no delays were observed, beyond the expected RT, for movements toward the second target. Instead, the RT to this target (RT 2 ) was significantly shorter than that to the first one, as well as to those observed in the SST. Furthermore the length of RT 2 tended to be shorter, when the time elapsing between the first and the second target increased. In humans performing free double-step movements as in our study, a reduction of the RT to the second target has also been described by different studies. In fact, it has been shown that the minimum delay for correcting a movement can be 200, or even 150 ms according to the level of predictability (Carlton 1981) . Soechting and Lacquaniti (1983) have reported that on average, the RT to the change in target location was 90% that of the RT to the initial command signal. Finally, when the ISI is around 100 ms (van Sonderen et al. 1989 ), on average, doublestep trajectories deviate from their original ones within 60 ms, with a shift time of 160 ms. The RT to a second target is also affected by a number of target features and it is characterized by significant intersubject variability (Veerman et al. 2008) .
In our study, the observed shorter length of the RT to the second target (RT 2 ) relative to that to the first one can be tentatively explained by the phenomenon observed by Churchland et al. (2006) in premotor cortex. These authors have reported that longer RTs were associated with trials with more variable firing rate. In our case, the firing rate of each cell across trials with similar movement conditions was characterized by a higher variability of neural activity within the first part of the RT. When the firing rates of each cell in the single and DSTs at different time bins are compared, this ''inconsistency'' of rates was indicated by the low values of correlation coefficients in the initial part of the RT. In contrast, in the latest part of the RT and at the beginning of the MT, the higher values of the correlation coefficients might be regarded as resulting from a decrease in the variability of the cell's response across trials.
Therefore, according to the hypothesis proposed by Churchland et al. (2006) , the shorter RT after the second target presentation in our study is to be expected on the basis of the higher consistency of firing rates at that stage of task execution, with respect to the beginning of the trial, and so can be regarded as an expression of an advanced level of motor preparation. The same phenomenon might explain the observed tendency of the RT to decrease when the target jump approaches (or coincides with) the onset of MT. In fact, in this case RT 2 begins in a condition of an appropriate state of firing rate that would minimize the RT duration. This ideal state is expressed by the low variability across conditions.
Considering the findings overall, for actions that can be fluently blended one into the other, at least under the conditions of rapid changes of hand trajectory during free reaches to visual targets as opposed to making 2 distinct responses, these data do not support the existence of a psychological refractory period (Telford 1931; Welford 1952 Welford , 1959 see Bartelson 1966; Georgopoulos et al. 1981; Pashler and Johnston 1998, for discussion) . It is believed that during the latter, determining how one should respond to a second stimulus, and thus making the motor response to it, is delayed in a central bottleneck, while the first stimulus is being processed.
Contrary to what is observed for hand movements, in the double-step paradigm saccades to the first target were never interrupted by the presentation of a second one. In spite of this, the higher velocity enabled the eye to attain the second target well before the hand. This dissociation between eye and hand motor behavior during reaching tasks has already been described (Georgopoulos et al. 1981) .
Neural Control of Hand Trajectory
The main result of this study, as well as of previous ones on the same subject, is that motor commands for fast movements can be updated in a continuous and dynamic fashion by changing the visual information that guides movement. In terms of the encoding mechanism, the neural representation of online control might reside in the relationships of parietal cell activity with hand kinematics, as shown by the regression model used to fit neural activity, based on parameters such as hand position (Georgopoulos et al. 1984; Lacquaniti et al. 1995 : Johnson et al. 1996 , speed (Ashe and Georgopoulos 1994; Averbeck et al. 2005) , and movement direction (Kalaska et al. , 1990 Ashe and Georgopoulos 1994; Johnson et al. 1996; see Battaglia-Mayer et al. 2003 for a review). We believe that it is through the graded influences of the above signals on neural activity that the information about change of movement trajectory can be encoded. In many cells, the change of neural activity leads, and therefore predicts, the change of kinematics necessary to modify hand movement trajectory. For other cells, the change of neural activity follows that of hand trajectory, thus being influenced by movement execution signals thanks to feedback mechanisms originating from the moving limb. As a consequence of the strict relationships between parietal cell activity and hand kinematics, the activity associated with the DST can be predicted from what is observed during the single-step movement. In other words, in parietal cortex, the activity associated with a more complex arm movement can be to a certain extent ''reconstructed'' through the activity patterns typical of single segments of the entire movement, those into Cerebral Cortex December 2009, V 19 N 12 2861 at University of Victoria, McPherson Library Serials on February 29, 2016 http://cercor.oxfordjournals.org/ Downloaded from which a given action can be decomposed. An epiphenomenon of this potential function of specifying future hand kinematics is the apparent interruption of the cell discharge observed for the movement toward the first target, and its substitution with a new one, similar to that observed for the movement to the second target.
Whether this substitution of discharge pattern is the result of the computation of a new motor command, rather than the updating of the old one cannot be decided on the basis of the present experiment. This operation seems computationally efficient, because it neither requires the emergence of a new relationship between neural activity and movement parameters, nor the encoding of a correction signal by a specialized subpopulation of parietal neurons, but only the graded utilization of kinematic variables, such as hand position, movement direction and velocity, all already combined at the single-cell level.
Time for the Visuo-motor Transformation
Another crucial question concerns when in the PPC the visual signal about target location, that determines the future movement trajectory, influences neural activity. The answer to this question emerged from the analysis of the temporal evolution of the correlation between the neural activity observed in the single-step and in the double-steps conditions, for movements oriented initially to the same target. In general, after visual target presentation, parietal neural activity does not seem to encode the future hand movement direction until 150 ms after the moment of target presentation. This was true whether the hand moved to the first or to the second target and whether the second target was presented in the middle of RT or at the beginning of MT. In each of these cases, the temporal evolution of the correlation in cell firing frequencies between SST and DST only started to change at 150 ms following the presentation of the first or second target. Therefore, this interval may be considered as the time necessary for the visuo-motor transformation underlying reaches to visual targets to occur. This value is reminiscent of that necessary for motor preparation after target onset reported by Churchland et al. (2006) in premotor cortex. Furthermore, the results obtained from our correlation analysis are in line with the optimal-subspace hypothesis (Churchland et al. 2006) according to which the brain actively tends to bring firing rates to a particular state, necessary to achieve the desired result at the motor output level. In our study, we confirm this hypothesis, even though from a different perspective. The emergence of an optimal state is indicated by the high correlation of firing rates across different movement conditions, in proximity of the hand movement onset. In other words, it is likely that during this phase of the task each cell reaches its own optimal firing state that is independent of the task demands (SST, DST RT , DST MT ), thus leading to a high correlation when different conditions are compared.
Encoding of a New Trajectory during the Execution of Arm Movement
The results of this study are also relevant to the issue of the coexistence of neural signals concerning execution of hand movement along a given trajectory, and ones involved in the planning of a different one. Under specific circumstances, these 2 aspects of behavior seem to be simultaneously encoded by neural activity.
We propose that the hand RT to visual targets is divided into 2 components; the first has a fixed duration of approximately 150 ms that would correspond to the time necessary for the visuo-motor transformation, whereas the second of variable duration would correspond to the trajectory specification. Coexistence of signals about ongoing movement with those concerning planning a different one occurs only when the second portion of RT 2 , that is, the time beyond 150 ms after second target onset, overlaps with the hand movement to the first target (Fig. 15) .
The observation supporting this statement is that the correlation in firing frequencies between SST and DST RT dropped-off at the onset of hand movement (Fig. 13B) , even though the hand trajectories in both conditions were still identical (Fig. 13C ). This decrease in correlation might be due to the emerging influence of the planning of a new trajectory on the execution of the current one. Noticeably, when comparing the firing frequencies in SST and DST MT , the correlation remained high during the first part of MT and decreased only 150 ms after the initiation of hand movement (Fig. 13) .
Therefore, for this coexistence to be detected, the presentation of the second target should occur in a time period around the MT onset. This period must be such that the final part of the RT 2 (carrying information about the new direction) overlaps the MT (Fig. 15 ). This implies that the target jump should occur not too early relative to the first target presentation and not too late relative to the target onset, otherwise the 2 signals cannot coexist.
The coexistence of predictive and movement execution signals is also suggested by the temporal evolution of the population responses in the SST and DST, and by the specific time these 2 responses diverged from each other. When the second target was presented during the RT, the divergence occurred at about 100 ms before the change of direction of hand movement. Therefore, in the interval between the divergence in neural activity and the shift in hand movement a new signal related to the preparation of a future change in hand trajectory emerged. However, when the target jump occurred at the onset of the hand movement, the divergence of Figure 15 . Schematic representation of temporal events (duration of RT and MT) representing examples of the conditions for coexistence (or no coexistence) of predictive signals with those related to hand movement execution. The triangles refer to the appearance of the visual targets, the black bar to the duration of MT and the gray (light and dark) rectangle represents the duration of RT 2 . The light gray area refers to the first part of RT 2 (lasting 150 ms) not influenced by the future hand movement direction, whereas the dark gray one represents the last part of RT encoding update of hand movement trajectory. Only in those conditions where the dark gray portion overlaps the MT (black bar), the 2 signals coexist.
the population activity was detected nearer (about 50 ms before) to the change in the hand kinematics. We attribute these results to the different lengths of the RTs to the second target for the different times at which the target jumps. In fact, assuming that during the first 150 ms of RT, the neural activity is not influenced by the direction of the future arm movement, only the last 120--130 ms should be the period in the DST RT (where RT 2 lasts about 270--280 ms) where a signal due to the preparation of a response in a new direction emerges. Accordingly in the DST MT , where RT 2 tends to be shorter, this period should be expected to be shorter too, as it is.
In addition, the coexistence of predictive signals with those related to the movement kinematics is also suggested by the difference in the results of the multiple-linear regression, which takes into account only the kinematics parameters, when it was applied separately to the SST and DST conditions. The better performance of the regression analysis in the SST rather than in the DST might be explained by the presence, in the latter, of a signal related to the preparation of a new trajectory, in addition to that related to the current one.
The Parieto-Frontal Network
This study can be interpreted within the framework of the visuo-motor operations performed by the parieto-frontal system. The region of area 5 where cell activity has been studied, that is, area PE, is linked to motor cortex both directly (Strick and Kim 1978; Johnson et al. 1996; Matelli et al. 1998; Marconi et al. 2001) , and indirectly, via the dorsal premotor cortex (Johnson et al. 1996; Matelli et al. 1998) , which in turn projects to motor cortex (see Muakkassa and Strick 1979; Johnson et al. 1996) . Therefore, it is not surprising that certain of the results of this study, on one side resemble those obtained in motor cortex by the only other cell recording study available in the literature ) on online control of hand movement. On the other side, though from another perspective related to the issue of the time necessary for motor preparation, they are also consistent with the observations done in premotor cortex (Churchland et al. 2006) .
A Positive Image of the Motor Disorders of the Parietal Syndrome
A common disorder that follows a lesion in the PPC is optic ataxia (OA), which is characterized by defective visual control of arm reaching, accompanied by defective hand orientation and grip formation. A case report of a patient with a large bilateral parietooccipital lesion, and which is therefore problematic for an interpretation in terms of the exact anatomical location of the site responsible of the deficits, stresses 2 main features (Pisella et al. 2000; Grea et al. 2002) of OA (for a recent review, see Battaglia-Mayer and Caminiti 2002; Battaglia-Mayer et al. 2006 ) that are of interest to the results of the present study. The first is the defective control of the directional components of hand movement, including a marked failure to make smooth corrective adjustments after a target jump. The second is the claim that OA derives from an impairment of automatic control, rather than movement planning per se. In this OA patient, the hand movement to a visual target cannot be updated after a sudden target jump, but is fully completed to the first target's position, before the hand changes its direction and moves toward the new target's location.
The failure of such an OA patient to make fast, in-flight corrections of the hand movement trajectory may be dependent on the loss of those populations of parietal cells whose activity carries signals concerning corrections of hand movement direction, prompted by a change of the visual sensory information that dictates the new movement end-point. Therefore, the results of our study provides a ''positive image'' of some crucial signs of OA in parietal patients, also suggesting that in humans the observed impairment can be due to lesion of the SPL. If PPC cells are responsible for the future direction of movement and also the change of movement trajectory depends on inputs to PPC cells smoothly altering their relative firing rates, then loosing these predictive cell populations will impair both reaching and trajectory modification. Therefore, the inability to adjust trajectory should not be the basic problem of parietal patients suffering from OA.
